This paper presents a first-of-its-kind electrochemical seismic sensor based on MEMS technologies. The electrochemical seismic sensor consists of electrodes immersed in electrolyte solution. The output current of the sensor is employed to measure the ground motion.The new design of interdigital electrodes solves the misalignment problem of conventional counterparts and reduces the self-noise. This device is featured with simple structure, low cost, mass fabrication as well as comparable performance verified by experimental results.
Introduction
A seismic sensor is one of indispensible components in the field of seismology, which is able to transfer a ground motion to an electric signal [1] . In practice most seismometers are electromechanical inertial sensors based on a solid inertial proof mass. The electrochemical approach which uses a fluid as inertial mass is preferred due to its suitability in characterizing low-frequency signals [2] . I.A. Abramovich reported a low noise seismometer at 2008 [3] . An electrochemical linear motion meter based on molecular electronic technology was proposed by V.M. Agafonov [4] , and the noise performance is studied V.M. Agafonov [5] . Numerical simulations of a four-electrode microelectrochemical accelerometer were proposed by Z. Sun [6] . These macro-scale electrochemical seismic sensors based on conventional fabrication techniques suffer from the problem of misalignment between electrode and insulation layers, which results in compromised performance, low production yield and therefore high cost. This paper presents the first electrochemical seismic sensor based on MEMS technologies, enabling proper alignment between electrode and insulations. We will focus on the experimental results on the proposed device, and will also report the computational simulation study.
Structure
Similar to the previous studies [2] [3] [4] [5] [6] , the electrochemical seismic sensor comprises a four-electrode sensing element. The arrangement of the electrodes is anode-cathode-cathode-anode separated by dielectric spacers. As shown in Figure  1 (a), the device is stacked up with layers of dielectric plats, in which interdigital electrodes were patterned on one side of the plate with flow channels on the other side. In this device, the symmetric arrangement of the electrode pairs improves the linearity. The anodes and cathodes are coplanar, which solves the misalignment problem mentioned above and reduces noise. The multilayer configuration was used for the purpose of increasing the electrodes areas, and therefore device sensitivity. I and 3 I 2e 3I respectively, and the ion transport produces an electric current. When the device is accelerated by the seismic motion, the pressure-driven convection causes variations in the electron interchange at the electrodes. The current of the left electrodes ascends and that of the right descends contrarily. Therefore, the output current change is proportional to the applied motion.
Simulation Results
In our mathematical model, electrolyte solution is considered to be electrically neutral, and its volume doesn't depend on the ion concentration. The four platinum electrodes are shaded, and other channel surfaces are made of dielectric material. The fluid field is solved with the incompressible Navier-Stokes equations [7] .
(1) (2) where ρ is the density, t is time, v is velocity, f is the gravity on unit volume, P is pressure, and μ is dynamic viscosity. To solve the ion transport, the Nernst-Planck equations with the electro-neutrality assumption are employed, where diffusion, convection and electro migration are all taken into account [7] .
(3) (4)
where C is concentration, N is ion flux, z is charge number, and the subscript k represents different species of ions, specifically K , and in the current study. The electrode current is proportional to the ion flux, which is defined by
where D is the diffusion coefficient, m is the ion mobility, n is the number of electrons exchanged in the reaction, which is 2 here, F= 9.648534×104 C/mol is the Faraday's constant, and U is the electric potential of the solution.
Electrode kinetics is also considered by applying the Butler-Volmer equation.
where n is the out-normal of the electrode surface, k a , k c is the reaction constant at anodes and cathodes respectively, α is the charge transfer coefficient for the cathodic reaction, which is usually 0.5, V is the imposed electric potential at
the electrodes, U' is the electric potential at the double layer, R = 8.314 J/(Kg mol) is the gas constant and T is the temperature. The finite-element multiphysics software COMSOL was used for the numerical simulation. Equations (1-6) are solved numerically using the values of physical magnitudes characterizing the electrolyte and geometrical dimensions representing the real values for the prototype instrument. At the left and right outlets, pressure gradient is imposed and the electric field is assumed to be insignificant. The main results are the concentration distribution for active ions, as shown in Figure 2 . At zero pressure, there was no ion concentration difference between these two cathodes while at 0.4 Pa, and a significant difference in active ion concentration was recorded, confirming that the pressure-driven motion of the electrolyte solution does cause active ion concentration variations around the electrodes. Figure 4 (a-e) shows the step-by-step device fabrication process based on MEMS. The (100) oriented single-crystal silicon wafers are used to fabricate sensing elements. The process consists of four key steps, which are deep reactive ion etching (DRIE) on one side of a silicon wafer, thermal oxidation of SiO 2 for silicon wafer insulation, platinum electrode sputtering and patterning on the other side of the silicon and layer-by-layer assembly. Figure 5 (f) and 5(g) show SEM pictures of a fabricated prototype device. The key difference of electrochemical sensors proposed here from the presently manufactured electrochemical seismometers is the advantages for the batch production based on MEMS technology. The parameters of electrochemical seismic sensors defining the data generation accuracy are the sensitivity, frequency response, noise level and dynamic range. The device characterization was conducted on a vibrating table with the table vibrating speed and frequency adjusted systematically. The output current is converted to voltage signal and processed after amplifying, filtering and temperature compensation. Figure 5 records the output voltage of a prototype device as a function of the vibration speed, demonstrating the linear relationship between the vibrating table velocity and the output voltage. The convection generated by vibration is not strong enough so that the output rises with increasing velocity. The average sensitivity of the prototype device is 274V/(m/s). Figure 6 summarizes the voltage output of the prototype device as a function of vibrating frequency at a specific vibration speed, suggesting that voltage output is independent of the input vibrating frequency in the range from 20Hz to 80Hz. Over 80Hz, the output signal began distortion. In order to further quantify the noise level of the proposed device, a comparison between the device proposed and a commercially available device (MET2003) was conducted using random vibration as the input. The sensor sensitivity axis was in the vertical plane. Data acquisition system converts the analog signal to digital one with sampling rate 40Hz. Figure 7 shows thatthe reported device produced a lower noise power spectrum. The noise estimated at 20Hz is about 2nm/s/√Hz. As mentioned in Section2, it's the design of coplanar electrodes that solves the misalignment problem and reduces the self-noise. Fig. 7 . Lower noise level compared to commercially available device (MET2003) using random vibration as inputs.
Fabrication

Test Results
Summary
An electrochemical seismic sensor with interdigital electrodes is studied theoretically and experimentally in this paper. The simulation results have proven the feasibility of the concept of the proposed design. In comparison with the presently electrochemical seismometers, the prototype devices showed noticeable characteristics, especially the simple structure, low cost fabrication process based on MEMS and excellent performances, e.g. high sensitivity, low noise and wide dynamic range. With the exceptional performance required there is no doubt that more experimental tests and several iterations of improvements will be needed.
